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The sensitivity of the 12C(~γ, pd) reaction to photon linear polarisation has been determined at
MAMI, giving the first measurement of the reaction for a nucleus heavier than 3He. Photon asym-
metries and cross sections were measured for Eγ=170 to 350 MeV. For Eγ below the ∆ resonance,
reactions leaving the residual 9Be near its ground state show a positive asymmetry of up to 0.3,
similar to that observed for 3He suggesting a similar reaction mechanism for the two nuclei.
PACS numbers: PACS numbers: 25.20.Lj, 27.20.+n
Three-body forces have consequences in many fields of
physics. The study of photon induced proton-deuteron
knockout from nuclei may give valuable information on
the three-body interaction in the nucleus, since the direct
mechanisms which contribute may be related to those
thought to be involved in the three-nucleon force[1, 2, 3,
4]. However, as well as the direct 3-nucleon process (3N)
there will be contributions from initial photon absorption
by a single nucleon (1N), two-nucleons (2N) and two-
step 3N processes such as initial real pion production
on one nucleon followed by reabsorption by a nucleon
pair. Clearly, to extract reliable information from (γ, pd)
measurements, the relative contributions from each of
these mechanisms should be well understood.
The (γ,pd) reaction has received significant theoretical
interest in recent years, mainly motivated by the possi-
bility of obtaining information on the nature of the 3-
nucleon force (3NF). Detailed 3He calculations based on
exact solutions of the three-particle scattering equations
in the initial and final states have been carried out for
photon energies up to 140 MeV[1, 3]. These show that
the inclusion of a 3NF has a large effect on the magni-
tude of the cross section, increasing the predictions by
up to a factor of two at the top end of this Eγ range. A
microscopic theoretical treatment of the 3He(γ,pd) reac-
tion, which includes contributions from 1N , 2N and 3N
mechanisms, has been developed by Laget[4]. The 3N
mechanisms include contributions from virtual and real
pion exchange. Laget’s treatment relies on a factorisa-
tion approximation to simplify the computation but is
applicable up to higher photon energies.
On the experimental side, most measurements of the
(γ,pd) reaction have been made using 3He targets[5, 6,
7, 8, 9, 10]. An important feature of the measured exci-
tation functions is that they show no evidence of struc-
ture for photon energies in the ∆(1232) resonance region.
Also, the centre-of-momentum (CM) proton angle dis-
tributions are forward peaked and fall off rapidly with
increasing angle up to ∼70◦ with a flatter distribution
at more backward angles. The features are moderately
well described by the Laget model when 1N , 2N and
two-step 3N (including only real π exchange) mecha-
nisms are included[4]. Laget notes that his model ac-
counts less well for the 3He(γ, pd) data than it does for
π induced processes involving the A=3 nuclei and sug-
gests two additional photon couplings, both involving two
highly virtual mesons, which could be responsible. Above
100 MeV the 2N and two-step 3N mechanisms are pre-
dicted to dominate with the 2N mechanisms only giving
large contributions to the cross section at forward CM
proton angles[4, 5]. Above ∼150 MeV the two-step 3N
mechanism is predicted to provide most of the cross sec-
tion for CM proton angles backwards of ∼70◦.
Studies of the (γ, pd) reaction for A>3 targets have
been carried out only on 16O[11] and 12C[12]. Both mea-
surements show a photon energy dependence similar to
that observed in 3He with no prominent enhancement for
Eγ around the ∆ resonance. This behaviour is in con-
trast to photon induced pp, pn, pπ and ppn[13, 14, 15, 16]
knockout reactions where the ∆ plays a prominent role.
The 12C(γ, pd) missing energy spectra obtained in Ref.
[12] exhibit significant strength close to the reaction
threshold, and the recoil momentum spectra of the (A–3)
nucleus at low missing energies are consistent with those
predicted if it were a spectator to the knockout of three
1p-shell nucleons.
The photon asymmetry for the (~γ, pd) reaction has
only been measured previously for 3He[17, 18]. These
measurements showed a positive asymmetry which
ranged from around 0.2 to 0.5 over the sampled pho-
ton energy region of 90-350 MeV and CM proton angle
range of 60-135◦. Comparison with a simple Faddeev
calculation[17] which neglects meson exchange currents,
∆ contributions and final state interactions gave limited
agreement with the experimental data.
The three nucleon photoabsorption mechanisms which
operate in the (γ, pd) reaction also contribute in the
(γ, ppn) reaction but with less restrictive spin and isospin
2conditions for the final state particles[15, 19]. Recent
Faddeev theoretical calculations for 3He[1] indicate that
the (γ, ppn) reaction is also sensitive to the nature of the
3NF. Several measurements of this reaction have been
made in the last decade[15, 16, 20, 21]. Polarised photon
measurements of the 3He(~γ, p)X reaction[20] for regions
of nucleon momenta where the two-step 3N processes
were expected to dominate showed a negative asym-
metry of up to 0.2 which is not well described by the
Laget model. A recent comparison of the 12C(γ, ppn)
reaction[16], with model calculations[19] in restricted
kinematics for the detected nucleons gave clear evidence
for the existence of a direct 3N mode.
The present work is the first measurement of the
12C(~γ,pd) reaction. The sensitivity of the cross section
to photon linear polarisation is expected to give valuable
constraints on the reaction mechanisms for different pho-
ton energies and in different excitation energy regions of
the (A–3) nucleus.
The experiment was carried out at the 855 MeV Mainz
microtron (MAMI-B) [22, 23] using the Glasgow tagged-
photon spectrometer[24, 25] in conjunction with two plas-
tic scintillator arrays, PiP and TOF[26, 27], set up as
described in Ref. [28, 29]. Polarised photons were pro-
duced by coherent bremsstrahlung in a thin diamond
radiator[30, 31, 32, 33]. The polarisation orientation of
the photons was flipped between horizontal and verti-
cal every few minutes. Three angular settings of the
diamond were used for which the main coherent peak
covered the photon energy ranges 170–220, 220–280 and
300–350 MeV with corresponding average linear polari-
sation (P ) of 59.5%, 49.5% and 42.5% respectively.
Protons with kinetic energies 31-270 MeV were de-
tected in the charged particle hodoscope PiP covering the
polar angular range θ=51◦-129◦ and azimuthal angular
range of φ=±23◦. Coincident deuterons leaving the tar-
get with energies above ∼45 MeV were detected in TOF
which determined particle energies by time-of-flight. The
TOF detectors covered θ=10.0◦-175.0◦. The deuterons
were separated from other charged hadrons in TOF by
selecting events from a 2-D plot of inverse speed versus
pulse height, as described in Ref. [12]. The number of
random deuteron coincidences in TOF was found to be
negligible. The average measured missing energy resolu-
tion extracted from D(γ, pn) was found to be ∼7 MeV.
For (γ, pd) the average resolution is better due to the
slower flight times for the heavier particles and is esti-
mated to be ∼5 MeV. The ∼3% background of events not
originating from reactions in the target was measured in
runs with the target removed. The total systematic error
in the asymmetry is estimated to be ∆Σ = ±0.05Σ[28].
The systematic uncertainties in the measured cross sec-
tions are estimated to be up to ±8%[12].
For each goniometer setting all events due to photons
in the coherent peak region were used to produce aver-
age (~γ, pd) cross sections (σ) and asymmetries (Σ) for
the events which were within the geometrical and en-
ergy acceptances of the PiP-TOF detector systems. The
asymmetry is defined as Σ = 1
P
σ‖−σ⊥
σ‖+σ⊥
where σ‖ (σ⊥)
is the measured cross section for reactions in which the
horizontal detector plane is parallel(perpendicular) to the
electric vector of the polarised photons. The reduction
of the asymmetry arising from the particle detectors hav-
ing a finite φ acceptance around the horizontal plane is
estimated to be ∼10%. A further reduction which arises
from the smearing of the photon polarisation direction
in the (3N+γ) CM frame due to the initial 3N Fermi
momentum is estimated to be ∼5%. The magnitude of
the presented asymmetries have been increased by 15%
to account for these effects.
The cross section as a function of Em is shown in Fig. 1
for three different Eγ bins. Missing energy is defined as
Em = Eγ − T1 − T2 − Tr where Eγ is the incident
photon energy, T1 and T2 are the energies of the two de-
tected particles and Tr is the (typically small) energy of
the recoiling system which is calculated from its momen-
tum Pr = Pγ −Pp−Pd. The Q-value for the
12C(~γ, pd)
reaction is –31.7 MeV. The missing energy spectra show
strength near to the Q-value and also a peak at∼45 MeV.
Above this peak, the (γ, pd) missing energy distribution
rises to a second maximum, which becomes higher and
wider as Eγ increases. Similar general features in the
missing energy are seen in the earlier work of Ref. [12],
but with weaker indications of the peak at ∼45 MeV,
probably due to its poorer statistical accuracy and in-
ferior resolution. A (γ, pd) reaction which involves the
knockout of three (1p) shell nucleons leaving a residual
(A–3) spectator nucleus would populate missing energies
up to ∼50 MeV. The missing energies expected if the
residual 9Be is left in one of its four low lying and rela-
tively long lived states are also indicated in Fig. 1. The
peak at ∼45 MeV is seen to occur at energies close to
the lowest lying T= 3
2
states at 14.4 and 17.0 MeV. Also
shown in Fig. 1 are the scaled 12C(γ, pp) and 12C(γ, pn)
cross sections obtained with the same detector setup as
the present measurement (this data was already analysed
in Ref. [28]). Above Em ∼60 MeV the (γ,NN) reactions
scale with Em and Eγ in a similar way to the present
12C(γ, pd) data. At low Em the channels show different
behaviour. The (γ, pp) data falls off more rapidly than
(γ, pd) and the (γ, pn) cross section has a large peak at
Em ∼ 30MeV (off scale in Fig. 1) due to a large direct
two-nucleon knockout contribution.
The photon asymmetry for the 12C(γ, pd) reaction is
presented in Fig. 2. The Em <40 MeV region empha-
sizes (γ, pd) reactions leading to the ground state and
low lying excited states of 9Be, which are all T= 1
2
. A
positive asymmetry is observed for photon energies up to
Eγ ∼280 MeV, while at higher photon energies in the ∆
resonance region the asymmetry becomes negative. The
asymmetry for 3He(~γ, pd) for θp=90 and 110
◦ in the CM
frame[17] (both corresponding to lab proton angles cov-
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FIG. 1: Cross sections for the (γ, pd), (γ, pp) and (γ, pn) re-
actions versus missing energy are shown as the filled squares,
open squares and open circles, respectively. The data are pre-
sented for Eγ bins of (a) 170-220 MeV, (b) 220-280 MeV and
(c) 280-350 MeV. The (γ, pp) and (γ, pn) cross sections have
been normalised by the factors indicated on the figure. The
ground state and the three narrow excited states in 9Be at
2.4, 14.4 and 17.0 MeV are indicated by the marks on the top
of each panel.
ered by the PiP detector in the present measurement) are
also shown in Fig. 2(a). The magnitude and sign of the
3He asymmetry is similar to the Em <40 MeV
12C data
for photon energies up to ∼270 MeV. At higher Eγ the
3He data do not show the negative or small asymmetries
indicated in the 12C(γ, pd) data.
The Em=40-50 MeV cut (Fig. 2(b)) emphasizes (1p)
3
knockout events leading to higher excited states and in-
cludes the peak region visible in the cross section as a
function of missing energy (Fig. 1). The asymmetry in
this region is generally negative or small below∼300MeV
in contrast to the positive asymmetry observed at lower
missing energies for both 12C and 3He(~γ, pd). The asym-
metry for the Em=50-100 MeV region shows the same
general trends as the Em=40-50 MeV data, albeit smaller
in magnitude. The asymmetries for both these higher Em
regions can be seen to show features which are very sim-
ilar to those observed for the 12C(~γ,NN) reactions at
high missing energy[28], suggestive of similar underlying
reaction mechanisms. The model of Ref. [19] explains
the (γ,NN) cross section in this missing energy region
largely as the result of detecting two of the three (or
more) nucleons produced by a two-step 3N process or
by initial photon absorption on a two-nucleon pair fol-
lowed by final state interactions[34, 35]. The same pro-
cesses, where one of the outgoing nucleons picks up an
additional nucleon from the residual nucleus, can proba-
bly explain the similar Em distribution and asymmetry
of the 12C(γ, pd) reaction. As these mechanisms involve
more than three nucleons they have no analogue in the
reaction on 3He.
A comparison of the (γ, pp) and (γ, pd) Em distribu-
tions below 60 MeV may suggest the pickup process dis-
cussed in the previous paragraph still provides a signif-
icant background contribution in this region. However,
this extrapolation should be considered an upper limit as
the dominant mechanism of the (γ, pp) reaction changes
to direct two-proton emission following photon absorp-
tion on two-nucleons[34, 35] at low Em, which only has
significant subsequent pickup probability at more for-
ward proton angles than sampled here[4]. This is sup-
ported by the comparison in Fig. 2 of the 12C(~γ, pd)
asymmetry with the asymmetry of the 12C(~γ, pp), and
12C(~γ, pn) reactions for Em ≤40 MeV[28]. Both the re-
actions show a negative asymmetry. The positive asym-
metries observed in 12C(~γ, pd) therefore argue against a
large direct feeding of strength from (γ, pp) and (γ, pn)
reactions through subsequent pickup reactions at the low-
est missing energies.
The selection of 12C(~γ, pd) events with low missing en-
ergy should enhance the contribution of processes which
involve only the three detected nucleons while the (A–
3) nucleus spectates. The similar asymmetry observed
for (γ, pd) reaction in 12C in this Em region and
3He
(Fig. 2(a)) suggests similar reaction mechanisms in both
nuclei. The Laget model predicts that the two-step 3N
mechanism involving the initial production of an on-shell
pion is the dominant mechanism for the Eγ and θp sam-
pled in the present experiment. The published Laget cal-
culations for 3He[4] do not present results for the (γ, pd)
asymmetry, but an indication of its behaviour is sought
here by examining the asymmetry in the initial p(γ,N)π
stage of the dominant 3N two-step mechanism. Since
the (γ, pd) process involves deuteron formation from the
recoiling nucleon in this process, then the underlying
(γ,N)π asymmetry should be reflected in the (γ, pd)
data. This feeding of the underlying (γ,N)π asymmetry
to the final state particles in the two-step 3N mechanism
was already indicated in the (γ,NN) measurements[28]
at high missing energy.
To determine whether these considerations apply to
our data we used the predictions for the ~γN → Nπ
asymmetry obtained using the MAID code[36], which
is based on a unitary isobar parameterisation of ex-
perimental data and accounts for the non-resonant and
resonant parts of the pion photoproduction amplitude.
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FIG. 2: (a) The 12C(~γ, pd), 12C(~γ, pn) and 12C(~γ, pp) photon
asymmetry are presented for the missing energy cuts indicated
in the figure. The results from 3He(~γ, pd) for θp=90
◦ and 110◦
are also shown. The solid red and green lines give the asym-
metry at θpi=55
◦ from the MAID calculations for p(~γ, π0)p
and p(~γ, π+)n respectively. The corresponding predictions
without including the ∆(1232) are shown by the dotted lines.
(b) Comparison of the 12C(~γ, pd), 12C(~γ, pn) and 12C(~γ, pp)
asymmetry at higher missing energy.
Both p(~γ, π+)n and p(~γ, π0)p were calculated at a pion
CM breakup angle of 55◦, which for photon energies
above 200 MeV results in recoiling nucleon angles in re-
gions where the deuteron yield in the present 12C(~γ, pd)
data is largest (∼40-60◦). The predictions are presented
in Fig. 2(a). Neither of the full p(γ, π)N calculations
can give a simple explanation of the low missing energy
12C(~γ, pd) asymmetry in terms of the two-step 3N pro-
cess. As the ∆ contribution to the initial pion production
vertex for the two-step 3N process is suppressed due to
an isospin restriction[4], MAID calculations with the ∆
contribution removed are also shown in Fig. 2. While the
p(γ, π0)p MAID prediction with no ∆ contribution comes
closer to the (~γ, pd) asymmetry, the MAID cross sec-
tions suggest a dominance for the p(γ, π+)n process for
which the asymmetry is negative. It therefore seems un-
likely that there is a simple explanation of the 12C(~γ, pd)
or 3He(~γ, pd) asymmetries in terms of the two-step 3N
mechanism.
It is clear that theoretical input is required to fully
account for the various mechanisms and their possible
interference. Of particular interest would be estimates
which include 3N mechanisms involving heavier mesons
and also the two-meson couplings suggested by Laget.
Such processes produce a shorter range interaction than
the two-step 3N mechanisms and are thought to be im-
portant in the 3N interaction.
In summary this first determination of the 12C(~γ, pd)
asymmetry shows that reactions leading to low lying
states in 9Be proceed through the photon interacting
with the detected nucleons in a similar manner to the
3He(~γ, pd) reaction for Eγ below the ∆ resonance. The
asymmetries at higher missing energy do not resemble
3He(~γ, pd) and have a plausible explanation in terms of
multistep processes involving more than three nucleons.
These new results will provide valuable constraints on
the reaction mechanisms for (γ, pd) in heavier nuclei and
their potential to be used in learning about the correlated
behaviour of three nucleons in a nucleus.
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